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Protein therapy gained a reputation of the most direct and safe approach for treating various diseases, yet
biodegradation and loss of bioactivity of fragile therapeutic proteins limit their wide medical use.
Recently, a new hard templating technology using decomposable mesoporous vaterite CaCO3 crystals
became extremely popular strategy for formulation of protein nano(micro)-vectors. This study deciphers
how protein bioactivity depends on protein loading/release for this technology utilizing catalase as a
promising antioxidant therapeutic agent. Catalase has been loaded into CaCO3 using two approaches: i)
passive - via adsorption (ADS) into pre-formed crystals and ii) active - via co-synthesis (COS) in the pH
range 8e10. Crystal morphology, protein secondary structure and enzymatic bioactivity, and protein
retention upon washing are assessed. The activity reduction (~70% for COS and ~20% for ADS) is caused
by both protein exposure to an alkaline medium and protein aggregation induced by Ca2þ. The aggre-
gation significantly governs protein release kinetics. Catalase loading into the crystals is pH-independent
and van der Waals interactions dominate over the electrostatics, while catalase activity strongly depends
on pH. This study implicates the prime role of loading/release mechanism in the preservation of protein
bioactivity and guide for the control over the retention of protein bioactivity.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).ll Therapy and Immunology,
rg 13, 14476, Potsdam-Golm,
e (A.S. Vikulina).
Ltd. This is an open access article u1. Introduction
Proteins have been reported as effective therapeutic agents duender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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There is a strong demand in encapsulation of proteins into nano-
and micro-particulate systems, because this allows one to enhance
the protein stability, protect proteins against enzymatic degrada-
tion in order to increase their life-time, tune protein release profile,
and achieve targeted protein delivery. Protein encapsulation that
allows the preservation of protein bioactivity and control over the
size and physical-chemical properties of the carrier remains a
challenge. Therefore, scientific attention has turned to mild
encapsulation approaches which avoid typical problems of tradi-
tional methods, e.g. organic solvents; additives such as surfactants;
shear forces and heat; creating additional interfaces; etc.
Modern strategies for protein/peptide delivery include their
derivatization, prodrug approach, the use of mucoadhesive poly-
mers and formulation vehicle, wherein emulsions, nanoparticles,
microspheres and liposomes are the major classes of the carriers
used for proteins and peptides delivery. Although all of them have
obvious advantages, remaining challenges include the loss of pro-
tein activity, physiochemical instability, high product development
costs, and others which are described elsewhere [4]. Among others,
different mesoporous inorganic particles are of especial interest
and promise [5,6] because their pore diameters match the typical
size range for biomacromolecules (from a few nm to tens of nm)
that facilitates the encapsulation. A variety of mesoporous mate-
rials also has enormous loading capacity (because of their large
pore volume), no need to chemically modify the therapeutic mol-
ecules, and the options for control via external stimuli [7,8],
theranostic [9] and multidrug loading [10]. Unfortunately, the
majority of them require harsh preparation or elimination (when
used as sacrificial templates) conditions.
Porous vaterite CaCO3 crystals have shown high promise as
inorganic templates for mild encapsulation [11,12]. CaCO3 has
attracted attention because it is one of the most abundant natural
biominerals [13] that is non-toxic and approved by U.S. Food and
Drug Administration (FDA). The vaterite crystals are made of
nanocrystallines binding to each other and forming channel-like
pores of typical dimensions of a few tens of nm (mesoporous
structure). It is rather easy to synthesize vaterite CaCO3 micro-
crystals at supersaturated conditions [11] or by using supercritical
CO2 process [14]. Some recent reports indicate a trend for prepa-
ration of nano-sized vaterite crystals that may open new perspec-
tives to employ the crystals for intracellular delivery [15e20]. The
crystal porosity can be adjusted even with no additives by varying
the preparation temperature that affects the nanocrystalline
growth through the Ostwald ripening [21e23]. Also, the crystal
morphology can be tuned at the supersaturated conditions [24,25].
In recent years, vaterite crystals have been successfully
employed as drug vehicles or as sacrificial templates to assemble
polymer-based carriers such as multilayer capsules or beads. The
multilayer capsules are highly attractive carriers for encapsulation
through CaCO3-based templating giving an option to adjust the
efficiency and loading capacity [12,26], and a release rate of
encapsulated compounds by varying the properties of the multi-
layers [7,27e30]. Not only large compounds like proteins [31e35]
and biopolymers [36,37] but also small drugs of different nature
have been encapsulated using the crystals [15,38e40]. Other ex-
amples include encapsulation of small and large bioactive mole-
cules, e.g. polyethylene glycol [41,42], poly(N-isopropylacrylamide)
[43]. The applications of the crystals are mainly focused on drug
delivery [44e49]. High affinity of CaCO3 crystals to mucin [37,50] (a
major component of human mucus) opens perspectives for the use
of CaCO3 crystals for mucosal drug delivery, e.g. ocular [51] or
intravesical delivery [52]. Alternative applications have also been
reported, for instance, in personal care, cosmetics, food industry,
sensors, scaffold materials, etc. [8,53e58]. Despite the fact that thecrystals have been employed for encapsulation of different bio-
molecules, the primary focus in regard with encapsulation in CaCO3
has been on encapsulation of proteins, because of mild decompo-
sition conditions of the crystals (slightly acidic pH, EDTA, or citric
acid), simple synthesis procedure, biocompatibility, low costs, and
the pore size in the range of protein size allowing to effectively host
proteins and potentially release them in a sustained manner.
Proteins can be effectively loaded into the crystals using passive
loading through physical adsorption into performed crystals (ADS)
or active loading through co-synthesis (COS) when the protein
molecules are added to the salts used for the crystal growth (e.g.
CaCl2 and Na2CO3) [35,59,60]. Despite ADS can result in inhomo-
geneous loading due to steric limitations for protein molecules to
diffuse through the crystal pores, COS is not only very efficient in
terms of the loading content but also can provide a homogeneous
protein distribution [59].
Although there is a strong evidence of the importance of protein
loading into the crystals, the retention of protein bioactivity after
encapsulation into the crystals is not well reported. The CaCO3
crystals hydrolyse in water that induces an increase of pH to alka-
line pH of about 10. The pH 10 may not be attractive in regard with
biological relevance, because this alkaline pH significantly differs
from the physiological one (pH 7.4). This may affect bioactivity of
proteins in the crystal suspension for either passive or active
encapsulation. This study aims to evaluate the effect of CaCO3-
based encapsulation through passive and active loading on the
protein bioactivity. Catalase is used for this purpose as a well-
characterized model protein [61,62]. Our previous paper [60]
have already given some insights into the mechanism of catalase
loading into the crystals and revealed the important role of catalase
aggregation induced by the presence of Ca2þ ions during COS.
Bearing this in mind, we now addressed the question of the
retention of catalase specific activity and in this view also consid-
ered the effect of pH on both loading efficiency and retention of
enzyme activity. Encapsulation in the range of pH 8e10 has been
performed using a buffer to keep pH constant during the loading.
Protein secondary structure and bioactivity have been assessed
after dissolution of the protein-containing crystals in EDTA.2. Experimental section
2.1. Materials
CaCl2*2H2O and Na2CO3 anhydrous from Sigma-Aldrich; cata-
lase from bovine liver (3809 units/mg solid) from Sigma; glycine
buffer (0.05M, pH 9.0), phosphate buffer (0.05M, pH 7.0), TRIS
buffer (0.05M, pH 7.0, 8.0, 9.0), hydrogen peroxide and ethyl-
enediaminetetraacetic acid (EDTA) from Sigma-Aldrich. NaCl from
Panreac Quimica San. Water used in all experiments was prepared
via a Millipore Milli-Q purification system and had a resistivity
higher than 18.2MU cm.2.2. Preparation of CaCO3 crystals
Porous crystals were prepared by a rapid mixing of equal vol-
umes of CaCl2 and Na2CO3 aqueous solutions at 22 C. Briefly, CaCl2
(3mL, 1M) was added to H2O (9mL) at constant stirring, then
Na2CO3 (3mL, 1M) was rapidly added to the solution at 22 C. After
vigorous agitation with a magnetic stirrer (40 s) and incubation
(15min), the precipitate was separated by centrifugation (1000 g),
thoroughly washed two times with pure water and dried at 80 C
giving the crystals with the size of 4e5 mm.
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Catalase solutions (1.5mL, 1e2mgmL1) in glycine (0.05M) or
TRIS buffer with appropriate pH was added to dry CaCO3 crystals
(60mg) and incubated during 30min followed by centrifugation
for 5min at 10000 g and twice repeated rinsing. All supernatants
were collected and examined to determine the protein concentra-
tion using UV spectroscopy (280 nm).
2.4. Protein loading into CaCO3 crystals by COS
CaCl2 (0.2mL, 1M) was added to catalase (0.6mL, final con-
centrations during COS 1.0e4.0mgmL1) dissolved in glycine
(0.05M) or TRIS buffer at constant stirring, then Na2CO3 (0.2mL,
1M) was rapidly added to the solution at 22 C. Final pH in the
mixture was measured and used as the pH of crystal growth during
COS. After vigorous agitation with a magnetic stirrer (40 s) and
incubation (15min), the precipitate was separated by centrifuga-
tion (1000 g), thoroughly washed two times with corresponding
buffer and all supernatants were collected and examined to
determine the protein concentration using UV spectroscopy
(280 nm). Adsorption capacity (qe) was estimated as the amount of
loaded protein under equilibrium conditions and was calculated as
the loss in protein amount in supernatant (mg) divided to the mass
of CaCO3 (g).
2.5. Protein biological activity
Specific activity of catalase was measured by monitoring
the rate of hydrogen peroxide decomposition. Catalase
(0.005e0.010mgmL1) dissolved in phosphate buffer (0.1M, pH 7.0)
and aqueous solution of hydrogen peroxide (0.100mL of 0.196M) has
been added to 0.9mL of catalase (0.005e0.010mgmL1) dissolved in
phosphate buffer (0.1M, pH 7.0). Decrease in absorbance was regis-
tered at 240nm. To measure the retention of catalase activity in the
crystals, suspension of catalase-loaded CaCO3 (2mg in 100mL of
phosphate buffer, 0.1M, pH 7.0) has been dissolved in 100mL of EDTA
(0.2M) followed by the addition of H2O2 (0.100mL of 0.196M) and
monitoring of absorbance at 240 nm. Retention of catalase activity
was calculated as the ratio between the activities of the enzyme
recovered after crystals dissolution in EDTA (0.2M) and the catalase
of equal concentration in phosphate buffer (pH 7.0).
2.6. Dynamic light scattering (DLS) and z-potential measurement
Hydrodynamic diameters were determined by DLS using a
Zetasizer Nano ZS (Malvern Instruments Limited, Worcestershire,
UK). Values were reported as intensity, volume, and number
weighted particle size distributions (PSD). The surface chargeswere
determined using z-potential measurements (and evaluated using
the Smoluchowski function) for CaCO3 microparticles suspended in
Milli-Q water (1e20mgmL1). z-potential of catalase at different
pH was measured using 0.2mgmL1 solution of the catalase in
0.05M TRIS buffer.
2.7. Circular dichroism (CD)
CD spectra were recorded by Jasco J-815 CD Spectrometer. The
Jasco J-815 CD Spectrometer (wavelength range 163e900 nm) is a
hybrid instrument consisting of a variable wavelength polarimeter
and absorption spectrophotometer. It is designed to allow sec-
ondary structure determination by circular dichroism; specifically
measuring the left-and right-handed circularly polarized light of
optically active molecules. It is equipped with a computer-
controlled Peltier device (3e90 C) and a two-syringe titrator toassess thermal/chemical stabilities of proteins/polypeptides or to
monitor ligand binding and is controlled by Jasco's Spectra Man-
ager software. The secondary structure of the catalase has been
determined based on CD spectra correlated with X-ray diffraction
data for bovine liver catalase (1TGU) from Protein Data Bank using
Protein Secondary Structure Analysis Tools (CDNN).
2.8. Scanning electron microscopy (SEM)
Field emission SEM images were recorded using a Gemini LEO
1550 electron microscope at an accelerating voltage of 3 kV. Sam-
ples were prepared by dropping the crystal suspension on a glass
slide, dried within 1 h at 90 C followed by conductive coating with
gold palladium (5 nm).
2.9. Brunauer, Emmett, and Teller (BET) analysis
Surface area and the porosity of the crystals have been
measured by N2 adsorptionedesorption analysis using a QUAD-
RASORB SI-MP (Quantachrome Instruments, USA) at 77.3 K. Prior to
measurements, the samples were degassed at 150 C for 20 h by
BET analysis using the BarreteJoynereHalenda (BJH) model has
been used for the surface area and porosity analysis.
2.10. Statistical analysis
Statistical analysis was performed by paired Student's t-test
using Medcalc Statistical software. The statistical significance of
differences was set at p< 0.05.
3. Results and discussion
3.1. Effect of preparation pH on passive and active protein loading
into CaCO3 crystals
Passive (through ADS into pre-formed crystals) and active (COS
through adding the protein during the crystal synthesis) loading
approaches have been used here to encapsulate catalase into
vaterite CaCO3 crystals (Fig. 1).
Our recent work showed that the mechanism of catalase loading
by COS involves aggregation of the protein by CaCl2 during the COS
process that results in inclusion of protein aggregates into the
crystals during the growth [60]. The size of the formed aggregates is
in the range of tens of nm (50± 8 nm in the presence of 0.2M CaCl2),
which allows to compactly fill the pores of the crystals and therefore
to load an enormous amount of the protein of up to 20 w/w %.
However, in that earlier study the effect of preparation pH on crystal
structure, loading capacity and retention of catalase activity have
not been investigated. These issues are addressed in this study.
The catalase has been loaded by means of both COS and ADS at
different pH values, e.g. pH 8.0, 9.0 and 10.0 using the TRIS buffer.
Since in the previous works the loading of catalase into the CaCO3
crystals by COS and ADS has been studiedmainly at pH 9.0 in glycine
buffer [59,63]. First, we have investigated if the nature of the buffer
can play a role in affecting the protein loading into the crystals.
Fig. S1 shows the dependence of the catalase content in the crystals
on the catalase concentrations used for the loading by COS in glycine
and TRIS buffers of the same pH, i.e. pH 9.0. No difference clearly
proves that there is no effect of the chemical composition of the
buffers. In this work, we have further used the TRIS buffer because it
has a wide range of pH while keeping the high buffer capacity.
It is of worth to note that on the timescale of the experiments
(i.e. a few hours) catalase-CaCO3 hybrids were stable but under-
went recrystallization into thermodynamically more favorable
calcite during longer-term storage in aqueous medium with both
Fig. 1. Schematics of catalase loading into CaCO3 crystals through passive (ADS) and
active (COS) loadings.
Fig. 2. (a) The amount of catalase in the CaCO3 crystals (qe) as a function of the loading
pH for ADS and COS. Catalase was loaded from a 1mgmL1 stock solution. (b) The
amount of catalase loaded into CaCO3 crystals by COS as a function of the initial
concentration of catalase stock solution at different pH.
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dissolution of CaCO3 crystals and disintegration of catalase-CaCO3
particles.
Fig. 2 compares the amount of catalase in the CaCO3 crystals as a
function of the preparation pH for ADS and COS. Surprisingly, the
adsorption is pH independent for both loading methods and the
loaded amount for COS is about twice higher than that for ADS.
One has to note that the maximum loading capacity is higher for
COS and is not reached at the conditions of this experiment
(Fig. 2a). The concentration dependence of the amount of catalase
loaded into vaterite crystals by COS and loading efficiency for
different pH values are shown in Figs. 2b and S2, respectively.
Although a slight trend of decreasing of adsorption capacity
with the increase of pH is observed for higher initial concentrations
of catalase, the loaded amount remains almost unchanged and the
loading of catalase into CaCO3 crystals by means of ADS and COS
may be assumed to be pH independent. The explanation of these
interesting phenomena is provided in the following section.Fig. 3. z-potential of vaterite CaCO3 crystals in water and catalase in 0.05M TRIS buffer
solution at different pH.3.2. Electrostatic attraction between CaCO3 and catalase
It is known that CaCO3 crystals possess rather low surface and
have low positive or negative z-potential (depending on prepara-
tion conditions) within the ten of mV [63,64]. The results of z-po-
tential measurements of vaterite CaCO3 crystals fabricated in water
as well as the catalase dissolved in TRIS buffer at different pH are
shown in Fig. 3. Catalase has pI 5.4 and is negatively charged at all
pH values in the range 8e10.
It is also important to note that z-potential of vaterite CaCO3
crystals does not strongly depend on preparation pH and typically
varies in the range from þ11 to þ15 mV [64]. In other words,
catalase z-potential depends on pH while vaterite z-potential is
almost pH-independent. Further, we have evaluated the signifi-
cance of the change in catalase z-potential at different pH on the
attraction of the catalase to vaterite crystals.If any specific and hydrophobic interactions are neglected, the
free energy of adsorption (DGads) can be calculated as the super-
position of the electrostatic interaction potential DuelsðhÞ and the
van der Waals interaction potential DuvdW ðhÞ (Equation (1)).
DGads¼DuelsðhÞ þ DuvdW ðhÞ (1)
Fig. 4. (a) Electrostatic and van der Waals and (b) total attraction energy between
CaCO3 crystal and catalase molecule at different pH as a function of the surface-to-
surface separation distance.
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tential and therefore on pH, while van der Waals interactions are
pH-independent.
First, we have assessed the van derWaals potential. The classical
approach developed by Hamaker and generalized for the case of
spherical particles of different size and materials has been applied
(Equation (2)).
uvdW ðhÞ¼ 
ffiffiffiffiffiffiffiffiffiffiffi
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where A1 and A2 e Hamaker constants of CaCO3 and catalase,
respectively, r1 and r2 e radii of CaCO3 crystals and catalase mole-
cules, respectively, h is the surface-to-surface separation distance.
For the calculations, Hamaker constants of 1.44$1020 J and
1.25$1020 J have been taken for CaCO3 [65] and catalase [66] in
water, respectively. r1¼2.5 mm and r2¼ 5.25 nm have been applied.
In order to evaluate the electrostatic attraction of the catalase to
vaterite crystals, the Derjaguin, Landau, Verwey and Overbeek
(DLVO) theory [67] have been applied to estimate the energy of
electrostatic interactions between two spherical colloids of the
opposite charge e CaCO3 crystal and catalase molecule. The Debye
length has been calculated from Equation (3).
lD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εε0kBT
2NAIe2
s
(3)
where 3 and 30 are the dielectric constants of the medium and
vacuum, respectively, kB is the Boltzmann constant, T is the absolute
temperature, I is the ionic strength of the electrolyte, NA is the
Avogadro number, e is the charge of an electron. Debye length lD for
0.4M monovalent salt solution in water at 293 K was found to be
0.48 nm. Of note, the ionic strength of 0.4M chosen for these cal-
culations corresponds to the final stage of CaCO3 synthesis (for-
mation of the CaCO3 crystals in NaCl solution) while the first step of
the mixing of the salts (prior to the crystal growth) corresponds to
the ionic strength of 0.6M. In this case, lD would be equal to
0.39 nm, this difference does not significantly affect further
calculations.
Electrostatic potential has been assessed from Equation (4) us-
ing Hogg, Healy, and Feurstenau (HHF) equation that is derived
from Derjaguin approximation for electrostatic interaction energy
between two charged spheres of radii r1 and r2 [67].
uelsðhÞ¼ pεε0rz1z2
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Here, r* ¼ 2r1r2r1þr2, z1 and z2 e z-potentials of CaCO3 crystal and
catalase molecule, respectively.
This equation expresses the interaction between the electrical
double layers surrounding any two similar or dissimilar colloidal
particles. It is important to note that this relationship only holdsexactly for values of z-potential less than 25mV and is valid for h «r*
and r*/lD > 10. All these conditions have beenmet in the case of the
CaCO3-catalase interaction.
The van der Waals and electrostatic potentials for pH 8, 9 and 10
as a function of the distance between vaterite crystal and the
catalase are given in Fig. 4a indicating the dominant impact of the
van der Waals potential. Summarized potential energy
uvdW ðhÞ þ uelsðhÞ is given in Fig. 4b clearly showing that the impact
of electrostatic interactions can be neglected.
Therefore, the results shown in Fig. 2 can be explained by the
fact that electrostatic interactions have no influence on the catalase
inclusion into the crystals in this pH range, which is related to a
rather low charge of both the crystals and the catalase. At the same
time, preparation pH can potentially alter the crystal morphology/
structure, and this, in turn, could be the reason for pH-independent
protein loading (Fig. 3). This issue is considered in the following
section.
3.3. Effect of preparation pH and the presence of catalase on the
CaCO3 crystal structure
The crystals were synthesized in pure water at pH of about 10
due to hydrolysis of the CaCO3 that gives an alkaline pH in the
supernatant of the crystal water suspension. The use of the buffer
gives an option to keep the pH value in the crystal suspension
constant and below 10. Fig. 5a and b shows SEM images of the
crystals grown in water at pH 10 and in TRIS buffer at pH 8. No
significant difference in the crystal size has been observed as can be
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The crystals are made of interconnected nanocrystallines of
sizes of a few tens of nm that provides a mesoporous structure of
the main crystal (pore size in the range of tens of nm). The porosity
of the crystals has been shown to be directly related to the
roughness of the crystal surface [22]. Thus, by means of analysis of
the crystal surfacemorphology one canmake conclusions about the
internal structure of the crystals. The nitrogen adsorption-
desorption used for the pore structure analysis of the crystals
prepared in water (pH 10) allows to calculate that the average
diameter of the crystal pores is 11± 4 nm (BET isotherm and cor-
responding surface area plot are shown in Fig. S3). Since the vari-
ation of the preparation pH and the presence of TRIS buffer do not
affect the crystal size and the crystal internal structure, the crystals
prepared in TRIS buffer with different pH are expected to possess
similar internal porosity.
In addition, the catalase itself has no to marginal effect on the
internal structure of vaterite crystals as evidenced by SEM imaging
of pure vaterite crystals prepared in TRIS buffer solution and crys-
tals loaded from highly concentrated solution of the catalase
(6.67mgmL1) by means of co-synthesis (Fig. S4). SEM imaging
also proves that the presence of the catalase does not affect the
polymorphism of calcium carbonate crystals (vaterite remains the
dominant) although results in a slight reduction of a crystal size
(data are not shown). Altogether, this means that pH independent
adsorption of catalase for either ADS or COS (Fig. 2) is solely related
to the protein-crystal interaction but not to the crystal internal
structure.
In order to get more evidence on the role of electrostatic and van
der Waals forces in catalase-vaterite interaction, catalase retentionFig. 5. SEM images of CaCO3 crystals prepared (a) in water at pH 10 and (b) in TRIS buffer at p
2D surface plots for 800 800 nm nm areas marked by red squares in (a) and (b) are shoin the crystals upon the increase of the ionic strength has been
investigated.3.4. Catalase retention in the crystals: passive and active loading
Washing out the catalase from the crystals have been performed
at pH 7.0 in the presence of NaCl of varied concentrations of 1, 2,
and 3M. This has been done expecting an effect of an ionic strength
on both the state of the protein aggregates and on the binding of
the protein molecules to the crystal surface. There is a pronounced
difference in the protein retention for the methods used to load the
protein into the crystals, i.e. ADS and COS. Fig. 6 demonstrates the
relative absolute amount and Fig. S5 shows the absolute amount of
the retaining catalase. About 38 and 3% of the protein has been
washed out for ADS and COS after a few consecutive washing steps,
respectively. Much slower protein release for COS compared to ADS
can be explained by aggregation of the protein molecules during
the COS [60].
The aggregation suppresses the protein release for the protein
aggregates compared to single protein molecules that are mainly
loaded into the crystals by ADS. This finding corroborates the pre-
vious report showing that bovine serum albumin loaded into the
CaCO3 crystals is only partly washed out [68].
With an increase of NaCl concentration in the buffer from 0 to
3M, only little increase of the amount of released protein has been
observed for both loading methods (Fig. 6). This was rather unex-
pected, because one can assume a more pronounced effect of the
salt on the protein-crystal interaction which is primarily based on
electrostatics [69]. The increased salt concentrations may induce
the screening of electrostatic charges on the protein globule andH 8. Scale bar is 2 mm. The insets are enlarged images of the interrupted yellow squares.
wn in (c) and (d), respectively.
Fig. 6. The relative amount of catalase remaining in the crystals after the crystal
rinsing with TRIS buffer (0.05M, pH 7.0) in the presence of NaCl of different concen-
trations. The protein has been loaded in the absence of NaCl from 0.05M TRIS buffer
solution pH 7.0, with 2.0mgmL1 catalase. The initial amount of the loaded protein is
taken as 100%.
Fig. 7. Typical UV CD spectra of the native catalase in glycine buffer (pH 9.0) and
catalase extracted from the CaCO3 crystals by the crystal dissolution in 0.2M EDTA
followed by dialysis in glycine buffer.
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only a slight increase of the released protein amount has been
observed at increasing salt concentrations for both loading
methods (Fig. 6). At the same time, very high salt concentrations
(such as 2 and 3M) may result in stabilization of the protein ag-
gregates into the crystals due to salting out the protein as reported
for instance for chymotrypsin [70]. Such stabilization may poten-
tially reduce the protein release rate. However, for both methods of
the protein loading we did not observe neither enhancing the
protein release due to the screening of the electrostatic interactions
nor its suppression due to salting out and stabilization of the ag-
gregates. This can only be explained by non-dominating contribu-
tion of the electrostatics into the catalase-crystal interaction, most
probably due to low charge of the crystals. This is in a good
agreement with the results shown in Fig. 2. Some examples of
strong interactions of biomacromolecules with the crystals not
driven by electrostatics have been reported. For instance, adsorp-
tion of almost uncharged dextrans into the prepared crystals has
been found as strong as that for charged proteins [69].3.5. Catalase structural changes during COS
CD spectroscopy has been used to estimate a change in the
secondary structure of catalase loaded into the crystals followed by
elimination of the crystals in EDTA and dialysis. The far-UV CD
spectra of the native catalase and catalase extracted from the CaCO3
crystals are shown in Fig. 7. Both spectra display a comparable
shapewith negative extremes in 210 and 222 nm for native catalase
(which are slightly shifted for the released protein after crystal
dissolution) and a zero-crossing around 201 nm. Spectra were
analyzed for the contents of a-helix, a-antiparallel, b-sheet, b-turn
and random coil using the Protein Secondary Structure Analysis
Tools (CDNN) as presented in Table 1.
Slight decrease in a-helical content (~12% conformational
change) was observed. The changes in the protein secondary
structure might potentially be attributed to the exposure to EDTA
during the dissolution of the CaCO3 crystals. However it is known
that the influence of EDTA on the protein structural changes is
reversible [71] and one may expect that the effect of EDTA was
neglected due to dialysis step completely removing the EDTA. In
this case, the loss of a-helical content can only be associated with
the protein-protein interactions and the formation of protein ag-
gregates [72].
Although it is generally accepted that the biological activity of
the enzymes is strongly dependent on conformational integrity ofthe enzyme molecule, it is also known that inactivation of catalase
can occur without noticeable changes in its secondary structure
according to the theory of flexibility at the active site [72].
Following this knowledge, biological activity of catalase loaded by
COS was further investigated and described in the next section.
3.6. Catalase biological activity
It is of note that in this study we have investigated protein
loading into the crystals in the view of their perspective use as
sacrificial templates for polymer layer-by-layer deposition. Bearing
in mind that polyelectrolyte shell might be significantly damaged
upon the drying and consequent rehydration, we did not consider
the recyclability of protein-loaded crystals. However, this question
is important for potential employment of the crystals of CaCO3 as
substantive carriers for protein delivery and we hope to uncover it
in our future research. Since it is known that the layer-by-layer
deposition itself does not lead to the reduction of the bioactivity
of pre-encapsulated proteins [59] because it is usually carried out at
mild conditions, the only steps that may lead to the loss of protein
activity are the entrapment of the protein and the following elim-
ination of the CaCO3 template with EDTA or other dissolution
agents.
Catalase specific activity was determined by the rate of
decomposition of hydrogen peroxide. Prior to the measurements,
the catalase loaded into the crystals by means of COS has been
extracted from the crystals by their elimination with EDTA. A study
of time dependence of catalase activity in TRIS buffer solution at
different pH revealed that the activity of catalase rapidly decreases
in TRIS buffer within increase of pH or time (Fig. 8a). The higher is
the pH, the more is the loss of the protein activity. At pH 8.0 the
catalase activity does not significantly depend on time, however, at
pH 10 the protein lost almost half of its activity if incubated in the
buffer for 60min compared to 15min. The loss of enzymatic ac-
tivity of catalase results from partial dissociation of catalase tetra-
mers to inactive monomers while exposed to the alkaline pH.71
Hence, for further analysis the enzymatic activity was measured
after a fixed incubation time of 60min and the results were pre-
sented as a percentage from the activity of the native catalase in
phosphate buffer (pH 7.0) taken as 100%. The results shown in
Fig. 8b clearly demonstrate that the active encapsulation of catalase
by COS in water solution should carefully be considered due to the
Table 1
Fractions of typical feature of a secondary structure of native catalase and catalase released from CaCO3 crystals (catalase loaded by COS).
Cat a-helix [%] a-antiparallel [%] b-sheet [%] b-turn [%] Random coil [%]
native 30.0 9.5 9.7 17.4 35.1
after COS and dialysis 26.5 11.0 10.7 18.3 36.9
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the hydrolysis of CaCO3). This may significantly affect the bioac-
tivity of the encapsulated proteins.
The influence of 0.2M EDTA on the catalase activity at different
pHwas also evaluated and no loss of the specific activity was found.
Analysis of the catalase activity after catalase loading in CaCO3
crystals by COS followed by the dissolution of the crystals with
0.2M EDTA reveals that the enzymatic activity significantly drops
to approximately 50% at each pH in the range 8e10 (Fig. 8b). The
only conclusion one can make is that the catalase activity is
significantly affected by its aggregation during the loading into the
crystals by COS. It is reported71 that inter-protein interactions are
most probably responsible for the loss of the activity meaning thatFig. 8. (a) The influence of pH on the retention of activity of native catalase (1mgmL1)
after incubation in 0.05M TRIS buffer for 15min (grey) or 60min (yellow) at different
pH. (b) The influence of the pH on the specific catalase activity at different initial catalase
concentration used for the protein loading into CaCO3 crystals by COS. Catalase loaded
into vaterite crystals has been released after dissolution of the crystals by addition of
0.2 M EDTA. Activity of native enzyme in phosphate buffer was taken as 100%. *The
difference is statistically significant (P < 0.01 versus C0 of 1mgmL1 at pH 9).the protein aggregation during the COS process is partly irrevers-
ible in terms of change of the protein secondary structure. How-
ever, it does not completely suppress the bioactivity of the loaded
protein but reduces it approximately to a half. The loss of activity
after COS is likely related to the salt-induced aggregation of enzyme
molecules [72].
It is of note that the catalase loaded into the crystals at pH 9.0 by
ADS keeps 79± 5% of its activity after solubilization of the crystals
[59]. Along with that, it should be noted that since the retention of
catalase activity strongly depends on time catalase is being exposed
to the alkaline solution (Fig. 8a), the main impact into the loss of
catalase activity remains to be caused by the long-time exposure in
the alkaline pH while the loss of catalase activity caused by the
aggregation during the COS is relatively small. For instance, for ADS
at pH 9 the loss of catalase activity is ~20% that corresponds to the
loss of activity due to exposure into the solution with pH 9 for
15min (Fig. 8a). At the same time, the catalase exposed into the
alkaline solution for 60min loses ~57% of its activity and COS-
associated aggregation leads to the additional loss of only ~13% of
catalase activity resulting in the final loss of ~70%. Therefore, for pH
9 the impact of alkaline-induced denaturation of the catalase is
approximately 4.4 times higher than the impact of the Ca2þ-
induced aggregation. The interplay between these two factors -
alkaline-induced denaturation and salt-induced aggregation of the
catalase during COS - strongly depends on pH (Supporting Infor-
mation Table S1).
Besides the effect of pH, we have also tested how the protein
activity is affected by the content of the protein loaded into the
crystals by COS. For this reason, the CaCO3 crystals have been
prepared at different concentrations of the loaded catalase (1, 2,
and 4mgmL1). The retention of the specific catalase activity has
been evaluated and one can see that the retained activity is slightly
reduced with an increase of the loading concentration at all tested
pH values (Fig. 8b). The trend is more pronounced at pH 9
compared to pH 8 and 10. This finding means that at a higher
concentration of the loaded protein, the level of catalase aggrega-
tion elevates resulting in a more pronounced reduction of the
protein activity, presumably due to a larger number of inter-protein
contacts in larger aggregates formed at higher initial concentra-
tions of the loaded protein.4. Conclusion
In this paper, we have investigated the effect of pH on catalase
loading into vaterite crystals taking into account both, efficiency of
loading and the retention of catalase specific activity.We found that
catalase loading capacity does not significantly depend on pH in the
range 8e10 for both loading by ADS of COS. This can be explained
by a minor impact of electrostatics (van der Waals attractions
dominate) because of a low absolute charge of the crystals and a
permanent negative but also rather low charge of catalase in the
studied pH range. Absolute values of z-potentials for either of them
are within 15mV. The activity of catalase was evaluated after
dissolution of the crystals in EDTA showing stronger reduction of
the activity for COS than for ADS giving of about 30 and 80% of
residual activity at loading at pH 9.0, respectively. The loss of the
catalase activity is associated with two reasons: i) alkaline-induced
N.A. Feoktistova et al. / Materials & Design 185 (2020) 108223 9denaturation of the catalase and ii) Ca2þ-induced aggregation of
the catalase during COS. Notably, while the loading capacity of the
crystals is pH-independent, the loss of catalase activity strongly
depends on pH. Meanwhile, the loss of catalase activity is not
accompanied by the drastic changes in its secondary structure that
is almost fully recovered after COS although some reorganization of
a-helices has been detected. This indicates a strong inter-protein
interaction for the partly reversible process of the protein aggre-
gation. Altogether, these findings indicate that the active encap-
sulation of proteins by COS should carefully be considered since the
preparation pH might have a strong influence on the bioactivity of
the encapsulated proteins. Finally, it has to be noted that despite of
the significant loss of the catalase activity during COS compared to
ADS (about three times difference), the adsorption capacity of the
crystals loaded by COS is up to six times higher than that for ADS.
This results in the release of nearly two-fold amount of active
protein after crystal dissolution for COS versus ADS. In addition, the
aggregation during COS results in significant suppression of the
catalase release from the crystals. In conclusion, our data suggest an
approach for protein encapsulation into vaterite crystals at mild
conditions and illustrate the role of preparation pH in the preser-
vation of enzymatic activity of protein-based drug as exemplified
by the catalase. We also indicate the pivotal role of non-
electrostatic nature of the interaction between the catalase and
the crystals which might be the key for the understanding of
tremendous capacity that vaterite possesses for this protein (e.g.
170mg g-1 at C0 4mgmL-1) and a number of other macromolecules.
In spite of the growing number of recent studies which indicate the
successful encapsulation of fragile proteins and macromolecules
into the CaCO3 crystals, this work serves as a guide for controlled
protein-friendly encapsulation.
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